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Abstract: The literature proves an evident association between indoor radon exposure and lung
cancer, even at low doses. This study brings a new approach to the study of children’s exposure
to radon by aiming to evaluate exposure to indoor radon concentrations in nursery and primary
schools from two districts in Portugal (Porto and Bragança), considering different influencing factors
(occupation patterns, classroom floor level, year of the buildings’ construction and soil composition of
the building site), as well as the comparison with IAQ standard values for health protection. Fifteen
nursery and primary schools in the Porto and Bragança districts were considered: five nursery schools
for infants and twelve for pre-schoolers (seven different buildings), as well as eight primary schools.
Radon measurements were performed continuously. The measured concentrations depended on the
building occupation, classroom floor level and year of the buildings’ construction. Although they
were in general within the Portuguese legislation for IAQ, exceedances to international standards
were found. These results point out the need of assessing indoor radon concentrations not only in
primary schools, but also in nursery schools, never performed in Portugal before this study. It is
important to extend the study to other microenvironments like homes, and in time to estimate the
annual effective dose and to assess lifetime health risks.
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1. Introduction
Radon is by far the most important source of ionizing radiation among those of natural origin. It
is a natural radioactive gas with origin in the decay of uranium that is found in soil and rocks. It is a
colourless, odourless and tasteless gas that travels through the soil and enters buildings through cracks
in the foundations. The radioactive particles (decay products) from radon decay during breathing can
be retained in the lungs, continuously releasing ionizing radiation that can harm human health [1].
Radon levels in dwellings are usually subject to a typical diurnal variation with higher
concentrations during the night and dawn, and are also subject to a typical seasonal variation with the
highest concentrations during the heating season (October to April) [1]. Annual random variations
are also usual, and they can be related to several factors, such as weather patterns and occupants’
behavior [2]. The worldwide average indoor radon concentration has been estimated at 39 Bq¨m´3 [1].
Epidemiological studies around the world have provided evidence of an association between
exposure to radon inside buildings and lung cancer, even at the relatively low levels commonly
found in residential buildings [3]. Radon is considered by the United States Environmental Protection
Agency (USEPA) and the World Health Organization (WHO) as the main cause of lung cancer among
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non-smokers and the second cause of lung cancer in the general population (smoking being first) and
there is no known threshold below which exposure to radon does not present risk [1,4].
Therefore, the International Committee for Radiological Protection (ICRP) has emphasized the
importance of monitoring and controlling radon concentrations in dwellings and work places [5].
For the latter, kindergartens and primary schools present a special case, being the workplace for
the childcare workers and a living environment for children [6]. In fact, children spend more time
in school environments (including nursery schools) than in any other indoor environment besides
home [7]. Children are considerably more sensitive to the carcinogenic effects of ionizing radiation
than adults [8], even at low doses, as well as those from natural radiation [9]. However, until now there
is no epidemiological evidence that children are at greater risk than adults from radon exposure [10].
Despite this, a special interest has been observed in indoor radon measurements in nursery and
primary schools with studies being performed in many parts of the world [6].
Considering the latter and as far as the authors’ knowledge goes, in the last five years 19 studies
regarding radon in indoor air of nursery and primary schools can be found. The majority of them were
only focused on primary schools [11–21], while others also considered nursery schools [10,22–26] and
some others only considered nursery schools [27,28]. The extent of the studies varied considerably
from study to study. There are studies (surveys) that included a considerable number of nursery and
primary schools of a particular country or region [14,16,27] and others studied only a limited number
of buildings [25,26]. In the latter cases, a representative number of buildings was selected taking
into account selection criteria that varied from case to case, like a comparison between two different
cities [10] or a comparison between urban and rural contexts [18]. In most of the above referred recent
studies, indoor radon concentrations were measured over a fixed time period using passive solid-state
nuclear track detectors (CR-39 track detectors) and electret ionization chambers (EIC), although some
studies used electronic devices such as electronic integrating devices (EID) and continuous radon
monitors (CRM). In fact, CRM allows understanding differences in radon concentrations between
occupation and non-occupation periods as well as the baseline room scenario. In order to investigate
the influence of different factors on indoor radon concentrations the majority of the studies considered
measurements in different locations and different floor levels inside the buildings. Furthermore,
some authors considered other factors such as type of use, building age, building materials, building
improvements and different geographic contexts (rural vs. urban).
Considering the latest scientific data, the WHO [1] proposes an annual reference average level
of 100 Bq¨m´3 to minimize health risks due to exposure to radon inside buildings. However, if this
cannot be achieved under the specific conditions of the country, the chosen reference level should not
exceed 300 Bq¨m´3. USEPA [4] recommends radon concentrations below 4 pCI¨L´1 (148 Bq¨m´3).
The European Union (EU) recommends annual average radon concentrations below 300 Bq¨m´3 in
dwellings and mixed-use buildings, like primary and nursery schools [29]. In Portugal, the existing
legislation sets a limit of 400 Bq¨m´3 (annual mean value) and mandatory measurements in granitic
areas, namely in the districts of Braga, Porto, Vila Real, Guarda, Viseu and Castelo Branco [30].
Thus, as part of the INAIRCHILD project [31], and following the previously preliminary study
with the same sampling methodology but covering only three nursery schools and one primary
school [23], this study aimed to evaluate indoor radon concentrations to which children were exposed in
nursery and primary schools from two different districts in Portugal (Porto and Bragança), considering
different influence factors (occupation patterns, classroom floor levels, year of buildings’ construction
and soil composition of the building site), as well as the comparison with IAQ standard values for
health protection. As far as the authors know this study presents a new approach to the study of
children’s radon exposure by using continuous measurement of indoor radon concentrations inside
nursery and primary schools (some of these buildings were already used in a preliminary study) [23],
in different districts, and associated with the assessment of the influence of several factors.
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2. Materials and Methods
2.1. Site Description
This study was carried out in fifteen different school buildings in Northern Portugal, of which
seven were located in the Porto district—an urban radon-prone area, and the remaining eight
were located in Bragança district—a rural area that is not considered mandatory for indoor radon
measurements according to Portuguese IAQ legislation [30]. Studied were a total of five nursery
schools for infants (children aged under 3) and twelve for pre-schoolers (3–5 years old), as well as eight
primary schools (children aged 6–10 years old). One or more classrooms in each nursery and primary
school were considered for this study. Lunch rooms were always sampled. From those, three nursery
schools and one primary school from the Bragança district were the same as in a previous study [23].
A prior inspection (through direct observations and interviews with the staff) was performed to
capture relevant information on timetables, activities and occupation, ventilation and other building
characteristics that could be relevant to analyze the results obtained in this study. Table 1 summarizes
the characterization of the studied microenvironments, namely the distribution of the buildings per
year of construction and regarding soil composition, namely the predominant types of rocks in the soil
according to the Geological Map of Portugal [32], as well as the number of classrooms per floor level
in the building, for both districts and according to the occupation in each one. Regarding occupation,
three different subsets were considered according to the age of the children (occupants): infants,
pre-schoolers and school children.
The majority of the buildings analysed were built before 2006, i.e., before the implementation of
the first Portuguese legislation on IAQ (transposition of the European Directive including a radon
reference level), and some of them were even centenary. Although renovations had recently been
performed in some nursery and primary schools, the analyses were performed considering the year
of construction of the building (the only exception was a building in the Porto district used as both a
nursery and primary school initially built before 2006, but totally rebuilt recently).
The majority of the studied classrooms were located on the ground floor of the buildings, and
natural ventilation was predominant. In fact, only four of the studied classrooms had predominant
forced ventilatation (mechanical ventilation): two in the Porto district and another two in the Bragança
district, all used for infants.
The majority of the buildings studied in the Porto district were placed on soils where magmatic
rocks are predominant, but in the Bragança district they were mainly located on soils with
metamorphites as predominant rocks. There was only one building placed on a predominantly
sedimentary soil—a nursery school used both for infants and pre-schoolers in the Porto district. To the
best of the authors’ knowledge, none of the studied buildings were built on slabs nor did they have a
basement-like area.
2.2. Sampling
Radon measurements were made continuously (logging hourly means) using a Radim 5B radon
monitor (SMM, Prague, Czech Republic), which measures the α-activity of radon decay products
(218Po and 214Po) collected from the detection chamber on the surface of a semiconductor detector by
an electric field.
This radon monitor was calibrated by the manufacturer by placing it in a barrel (controlled
atmosphere) next to a reference instrument (Radim 3, verified in the Metrological Institute of Czech
Republic), and recording measurements with both instruments simultaneously during about 24 h.
The results of both instruments were compared and CAL factor of the calibrated equipment was
modified (3.6%) to get the same result as in the reference instrument. Calibration precision was about
5%. The error of the equipment is 5% for concentrations above 80 Bq¨m´3, and 20% for concentrations
below that.
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Table 1. Characterization of the studied buildings according to the year of construction, the type of predominant rocks in the soil (main soil composition), and the
classrooms’ floor level in the building.
Occupation
Number of Buildings Number of Classrooms
Total
Year of Construction Predominant Rock Type in the Soil
Total
Classrooms’ Floor Level
Before 2006 2006 or after Magmatites Metamorphites Sediments GroundFloor 1st Floor
2nd and
Higher Floors
Porto district 7 a 3 a 4 a 5 a 1 a 1 a 30 17 10 3
Infants (<3 years old) 3 1 2 2 0 1 6 4 2 0
Pre-schoolers (4–5 years old) 7 3 4 5 1 1 13 7 5 1
School children (6–10 years old) 5 3 2 4 1 0 11 6 3 2
Bragança district 8 a 2 a 6 a 3 a 5 a 0 a 17 14 3 0
Infants (<3 years old) 2 1 1 0 2 0 4 4 0 0
Pre-schoolers (4–5 years old) 5 2 3 2 3 0 7 7 0 0
School children (6–10 years old) 3 1 2 1 2 0 6 3 3 0
a There are situations in which both classrooms for infants and pre-schoolers, and for pre-schoolers and school children were in the same building.
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The equipment was placed as close to the centre of the room as possible, far from windows, doors
and room’s corners, approximately at the same height of children’s breath (1.5 ˘ 0.5 m). Depending on
secured permissions, and due to financial constraints, short-term samplings were performed from 2
to 9 consecutive days in each room (not simultaneously) in nursery schools, and for at least 24 h in
primary schools, and, in some circumstances, both on weekdays and weekends.
2.3. Data Analysis
Descriptive statistics were initially determined, namely mean, median, minimum, maximum and
standard deviation. Histograms were drawn to take a look at data and normality of the distributions
was assessed through both Kolmogorov-Smirnov, Shapiro-Wilk and Anderson-Darling normality
tests. Distributions were assessed for log-normality using the same normality tests applied after a
logarithmic data transformation.
The non-parametric Wilcoxon Rank Sum Test (also called Mann-Whitney U test) was used to test
the significance of the differences between two samples, and the non-parametric Kruskal-Wallis test
was used when comparing the significance of the differences between three samples.
Descriptive statistics were calculated using MS Excel® (Microsoft Corporation, Redmond, WA,
USA), and other statistical analyses were determined using R software, version 3.1.2 (R Foundation for
Statistical Computing, 2014).
Although the mean radon indoor concentrations measured were preliminary, as they result
from short-term sampling (screening), they were compared with IAQ standards and guidelines for
health protection (annual) attempting to preliminarily evaluate exceedances. Comparisons were
performed considering international references, namely: (a) WHO reference values of 100 Bq¨m´3 and
300 Bq¨m´3 [1]; (b) USEPA reference value of 4 pCI¨L´1 (148 Bq¨m´3) [4]; (c) EU reference value of
300 Bq¨m´3 [29]; and (d) Portuguese reference value of 400 Bq¨m´3 [30].
3. Results and Discussion
In the studied nursery and primary schools in the Porto district, indoor radon concentrations
varied from 0 to 459 Bq¨m´3 (N = 2429), with an average (standard deviation) of 62 ˘ 86 Bq¨m´3.
In the studied nursery and primary schools in the Bragança district, concentrations varied from 0 to
888 Bq¨m´3 (N = 1342), with an average (standard deviation) of 193 ˘ 174 Bq¨m´3.
Indoor radon concentrations were found to be significantly higher in the nursery and primary
schools in Bragança than in the Porto district (p < 0.05). Figure 1 represents the frequency distribution
of the hourly indoor radon concentrations obtained in each studied classroom of: (a) all the studied
buildings; (b) the buildings in the Porto district; and (c) the buildings in the Bragança district. Low
concentrations were the most common, and the highest indoor concentrations were found in the studied
microenvironments in Bragança district. The Figure 1 data distributions look like log-normal ones,
nevertheless, the results from Kolmogorov-Smirnov, Shapiro-Wilk and Anderson-Darling normality
tests (after a logarithmic data transformation) for the data from nursery and primary schools in the
Porto and Bragança districts showed that data did not follow a normal distribution (p < 0.05).
Continuous sampling allowed assuming an average scenario, i.e., hourly mean concentrations
between two or more consecutive days were calculated, allowing the representation of the mean daily
profile. As an example, Figure 2 shows two different scenarios for daily profiles considering ground
floor classrooms for: (a) infants; (b) pre-schoolers; and (c) school children: (i) the mean concentrations
(daily mean scenario, in black); and (ii) the classroom with the highest mean concentrations found
(daily maximum scenario, in grey).
From Figure 2 it was possible to observe a similar pattern in the daily mean profiles of indoor
radon concentrations in all the studied microenvironments: an increase of indoor concentration at the
end of the day resulting in higher concentrations during night and dawn, followed by a decrease along
the day.
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Figure 1. Frequency distribution of the hourly indoor radon concentrations measured in (a) all the studied buildings; (b) Porto district and (c) Bragança district.
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Figure 2. Daily mean and maximum scenarios of indoor radon concentrations in ground floor
classrooms in Porto and Bragança districts for (a) infants; (b) pre-schoolers; and (c) school children.
Occupation patterns seemed to be responsible for those profiles, with higher concentrations at
night caused by the absence of air renovation (accumulation), and with lower concentrations along
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the day due to a higher air turnover (through natural or mechanical ventilation). These patterns are
in accordance with the typical daily patterns found in the literature for dwellings [1]. Indoor radon
concentrations were grouped according to some of the main influence factors, namely occupation,
classroom floor level, year of buildings’ construction and soil composition of the building site. Figure 3
presents the distribution of radon concentrations in the studied microenvironments in both the Porto
and Bragança districts per subsets, namely: (a) occupation; (b) classroom floor level; (c) year of
buildings’ construction; and (d) soil composition of the building site.
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Figure 3. Distribution of radon concentrations in the studied microenvironments in both Porto and
Bragança districts per (a) occupation; (b) classroom floor; (c) year of buildings’ construction; and (d) soil
composition of the building site.
While indoor radon concentrations in the studied microenvironments in the Porto district were
found to be higher in the classrooms occupied by infants and lower in the classrooms occupied by
pre-schoolers, in the studied microenvironments in Bragança they were found to be higher in the
primary schools’ classrooms and lower in the classrooms for pre-schoolers. Results indicated statistical
significant differences between indoor radon concentrations in the classrooms depending on the
occupation both in the classrooms studied in the Porto and Bragança districts (p < 0.05). This seemed to
be caused by the different activity patterns in classrooms which are highly dependent of the childrens’
development stage: infancy, pre-school age or school age. Therefore, it is expected to find different
results when assessing indoor radon concentrations in classrooms for infants, pre-schoolers or school
children and it should be considered when assessing indoor radon concentrations in scholar buildings.
In fact, in the studied nursery schools in the Porto district, infants are expected to be exposed to higher
radon concentrations than older children (pre-schoolers and school children), although in those in the
Bragança district the results indicated that the highest concentrations are expected to be inhaled by
school children, followed by infants and pre-schoolers.
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All differences found between measurements in the different floor levels were found to be
statistically significant (p < 0.05). As expected, higher indoor radon concentrations were found in the
ground floor classrooms in both districts, which is the closest floor to the soil—the main source of
radon in indoor air. It is important to take this into account when assigning rooms usage in school
buildings. Nevertheless, indoor radon concentrations in the studied microenvironments in the Porto
district were found to be higher in the 2nd and higher floor classrooms than in the 1st floor classrooms,
which might be associated with the limited data in this particular case—a one-off case where higher
values occurred in a 2nd or higher classroom due to radon flow through cracks in the building.
Statistically significant differences (p < 0.05) were always found between indoor radon
concentrations in the studied buildings built before 2006 and those built after 2006, both in the Porto
and Bragança districts. In the Porto district, the older buildings studied (built before the promulgation
of the first IAQ Portuguese legislation) registered higher indoor radon concentrations than the newer
ones (built in 2006 and afterwards). This might indicate that the introduction of the IAQ Portuguese
legislation (introduction of a limit value for radon in indoor air) had an important role in reducing
indoor radon concentrations inside buildings. On the other hand, in the Bragança district the newer
buildings studied (built in 2006 and after) registered the highest indoor radon concentrations, which
might indicate that, despite the introduction of the IAQ Portuguese legislation, as indoor radon
measurements were not mandatory in Bragança district nothing seemed to have been done to prevent
high concentrations inside the buildings in that district.
The nursery and primary schools from Porto district built upon soils where magmatites were
predominant registered higher indoor radon concentrations than those where metamorphites were
predominant, which in turn registered higher indoor radon concentrations than those where sediments
prevailed. These results are in agreement with what was initially expected [33]. However, in the
Bragança district, the studied nursery and primary schools built upon soils where metamorphites
predominate registered higher indoor radon concentrations than those where magmatites prevailed.
All the differences were found to be statistically significant (p < 0.05). Since the results were the
opposite in the studied buildings in the two districts, without a deeper analysis it is not possible
to understand the real influence that soil composition of the building site has on the indoor radon
concentrations found. Thus, it could be dangerous to limit indoor radon assessment to buildings
constructed in a specific type of soil. The influence of other factors in the radon indoor concentrations,
like building materials [34], could be also important, but it was not performed in this study because
data was not available.
Although the mean radon indoor concentrations measured were preliminary, as they result from
short-term sampling (screening), attempting to preliminarily evaluate exceedances, indoor radon mean
concentrations during occupation periods in the studied microenvironments were compared with the
reference values for IAQ and health protection referred in Section 2.3 and exceedances were calculated
(i.e., the number of classrooms where the mean indoor concentration during occupation period was
above the reference value).
In the Porto district, the majority of the classrooms assessed (25/30) did not exceed the reference
values considered, while in the Bragança district only some of the studied classrooms did not show
exceedances (6/17). In fact, indoor radon concentrations found in the studied nursery and primary
schools in the Porto district never exceeded the reference radon indoor concentration from the
Portuguese national legislation on IAQ (the least restrictive of all the reference values here considered),
although in the Bragança district two classrooms exceeded it—one from a nursery and the other from
a primary school. Classrooms for pre-school children in Porto never exceeded any of the reference
values, and only two classrooms of primary schools exceeded the WHO reference value of 100 Bq¨m´3
(the most restrictive). In the case of classrooms for infants, only three exceeded both WHO and USEPA
reference values (100 and 150 Bq¨m´3, respectively). In the Bragança district, three of the classrooms
for infants exceeded the WHO reference value of 100 Bq¨m´3, two of them also exceeded USEPA
reference value and only one of them exceeded both the WHO and EU reference values of 300 Bq¨m´3
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as well as the Portuguese legislation. Four of the studied classrooms for pre-schoolers exceeded the
WHO reference value of 100 Bq¨m´3 and two of them also exceeded the USEPA reference value. Four
of the primary schools’ classrooms analysed exceeded the WHO guideline of 100 Bq¨m´3, three of
them also exceeded the USEPA reference value, and one of them also exceeded both the WHO and EU
reference of 300 Bq¨m´3, as well as the Portuguese legislation.
Although indoor radon concentrations were in general within the Portuguese legislation for
IAQ, a considerable number of exceedances to the international reference values for IAQ and health
protection were found, which is a concerning situation as there is no known threshold below which
radon inhalation exposure does not present any risk to human health [1].
Eighteen studies published in the last 5 years were found in the literature regarding radon levels
in the indoor air of school microenvironments. Table 2 summarizes the main characteristics of those
studies and the mean radon indoor concentrations that they reported.
Table 2. Summary of the main results of most recent studies (last 5 years) regarding radon in indoor air
of school microenvironments.
Location Type of Schools Concentration(Bq¨ m´3) References
Bulgaria (Kremikovtsi) Nursery and primary
schools
339 (short term)
Vuchkov et al. [26]
694 (long term)
Saudi Arabia (Zulfi)
Primary schools 80.0
Al-Ghamdi et al. [22]
Nursery schools 80.1
Greece Primary schools 149 Clouvas et al. [14]
Italy (South-East) Primary schools 218 Trevisi et al. [24]
Nursery schools 246
Turkey (Batman) Primary schools 46 Damla and Aldemir [15]
Poland (Kalisz)
Poland (Ostrów
Wielkopolski)
Nursery and primary
schools
46.0
48.9 Bem et al. [10]
Serbia (Southern)
Primary schools 119 Bochicchio et al. [11]
Primary schools 118 Zunic et al. [21]
Canada (Province of
Quebec) Primary schools 56 Poulin et al. [17]
Slovenia
Nursery schools 145 to 794 Vaupotic et al. [25]
Primary schools 70 to 770
Bulgaria (Sofia) Nursery schools 132 Ivanova et al. [28]
Republic of Macedonia Primary schools 88 Stojanovska et al. [20]
Czech Republic Nursery schools 204 (reconstruction)149 (non-reconstruction)
Fojtikova and Navratilova
Rovenska [27]
Korea (Some provinces) Primary schools 23 to 1414 Chang et al. [13]
Korea (National survey) Primary schools 98.4 Kim et al. [16]
Pakistan (Punjab) Primary schools 52 Rahman et al. [19]
Pakistan (Urban area) Primary schools 39
Rahman et al. [18]
Pakistan (Rural area) Primary schools 47
Romania (3 counties) Primary schools 215 Burghele and Cosma [12]
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Table 2. Cont.
Location Type of Schools Concentration(Bq¨ m´3) References
Portugal (Porto district)
Nursery schools (infants) 101
This study
Nursery schools
(pre-schoolers) 37
Primary schools 57
Portugal (Bragança
district)
Nursery schools (infants) 189
Nursery schools
(pre-schoolers) 138
Primary schools 275
Indoor mean radon concentrations reported in recent literature for nursery schools from Italy [24],
Bulgaria [26], Slovenia [25] and Czech Republic [27] were usually higher than those found in the
present study, in both school microenvironments in the Porto and Bragança districts, which in turn
were higher than those found in nursery schools from Saudi Arabia [22] and Poland [10].
On the other hand, indoor radon concentrations found in schools from the Porto district were
lower than the majority of those found in recent literature, except when comparing with the results
from Turkish [15], Canadian [17] and Pakistani schools [18,19]. Indoor radon concentrations found in
schools from the Bragança district were higher than the majority of the ones reported in the literature,
except for those in Bulgaria [26] and Slovenia [25], which enhance the concerns about the results here
found for the Bragança district.
Despite the limitations of this new preliminary approach, this study shows that the results found
were quite concerning from the children’s health point of view, especially in the Bragança district,
because radon is a carcinogenic compound and its inhalation has been associated with lifetime lung
cancer risk. It also points out the need of assessing indoor radon concentrations not only in primary
schools, but also in nursery schools, since children are expected to be exposed to relevant concentrations
from infancy in those microenvironments. These preliminary data will be useful for the future survey
of the long-term radon concentrations measurements.
4. Conclusions
Continuous active sampling allowed understanding the daily profile of indoor radon
concentrations in both nursery and primary schools from the Porto and Bragança districts. The
results showed higher concentrations during night and dawn caused by the absence of air renewal,
and lower along the day due to a higher air renovation. These patterns were found to be in accordance
with the typical daily patterns already reported in the literature for other types of dwellings.
Classroom occupation (determined by children’s age, activities and number of occupants)
influenced radon concentrations inside classrooms. Thus, different results can be expected when
assessing indoor radon concentrations in scholar microenvironments occupied by infants, pre-schoolers
or school children. Another significant factor was floor level, with higher concentrations registered in
the lower floors (the closest to the soil which is the main source of indoor radon). Consequently, floor
level should be considered when assigning rooms usage in school buildings. The year of a building’s
construction, namely before or after 2006 (introduction of the IAQ Portuguese legislation), seemed to
have had an important role in reducing indoor radon concentrations inside the studied buildings in
the Porto district. Limiting indoor radon assessment based upon buildings constructed in a specific
type of soil will be difficult, because the results did not allow understanding the real influence that soil
composition of the building site has in the indoor radon concentrations and in the radon children’s
exposure in the nursery and primary schools. These results point out the need of assessing indoor
radon concentrations not only in primary schools, but also in nursery schools, since children are
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expected to be exposed to relevant concentrations from infancy in those microenvironments. Radon is
a carcinogenic compound, its inhalation has been associated with lifetime lung cancer risk and in fact,
there is no known threshold below which radon inhalation exposure does not present risk to human
health, so the results were quite concerning, especially in the studied nursery and primary schools
from the Bragança district.
Short-time measurements as well as a limited number of classrooms and buildings studied
constituted a study limitation, thus this study is considered a preliminary assessment. Nevertheless,
these preliminary data will be useful for the future survey of the long-term radon concentrations
measurements. In the future it could be important to use the same approach in a national indoor
radon survey in nursery and primary schools, as recommended by the International Commission
on Radiological Protection [35] and by the European Commission [29], studying more classrooms
and buildings and using long-term measurements which will allow estimates of the annual effective
inhaled dose. It could also be important to study the influence of other factors, like building materials.
To extend the study to other indoor microenvironments, like homes, will allow to determinate daily
children’s exposure to radon in indoor air with more accuracy and it will also allow to assess the
lifetime health risks and to estimate the related lung cancer deaths [36].
Acknowledgments: The authors are grateful to the Project UID/EQU/00511/2013-LEPABE, funded by the
FCT/MEC with national funds and when applicable co-funded by FEDER in the scope of the P2020 Partnership
Agreement; Project NORTE-07-0124-FEDER-000025—RL2_ Environment&Health, by FEDER funds through
Programa Operacional Factores de Competitividade—COMPETE, by the Programa Operacional do Norte
(ON2) program and by national funds through Fundação para a Ciência e a Tecnologia (FCT). The authors
are also grateful to project PTDC/SAU-SAP/121827/2010 funded by FCT, COMPETE, QREN and EU; grants
SFRH/BD/97104/2013 and SFRD/BPD/91918/2012, for PTBS Branco and SIV Sousa, respectively, funded by
FCT, POPH/QREN and European Social Fund (ESF).
Author Contributions: Pedro T.B.S. Branco contributed to the study design, collected field data, performed the
statistical analysis, interpreted the results, and drafted the manuscript. Rafael. A.O. Nunes collected field data
and contributed to the results’ analysis and interpretation. Maria C.M. Alvim-Ferraz and Fernando G. Martins
contributed to the design of the study and critically revised the manuscript. Sofia I.V. Sousa conceived the study,
led the study design and coordination, contributed to the interpretation of the results, and critically revised the
manuscript. All authors read and approved the final manuscript.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. WHO. WHO Handbook on Indoor Radon—A Public Health Perspective; World Health Organization Library
Cataloguing-in-Publication Data; World Health Organization: Geneva, Switzerland, 2009.
2. Dumitru, O.A.; Onac, B.P.; Fornós, J.J.; Cosma, C.; Ginés, A.; Ginés, J.; Merino, A. Radon survey in caves
from Mallorca Island, Spain. Sci. Total Environ. 2015, 526, 196–203. [CrossRef] [PubMed]
3. Schmid, K.; Kuwert, T.; Drexler, H. Radon in indoor spaces: An underestimated risk factor for lung cancer in
environmental medicine. Deutsch. Arztebl. Int. 2010, 107, 181–186.
4. United States Environmental Protection Agency. EPA Assessment of Risks from Radon in Homes. Office of
Radiation and Indoor Air; United States Environmental Protection Agency: Washington, DC, USA, 2003.
5. International Commission on Radiological Protection. The 2007 Recommendations of the International
Commission on Radiological Protection; Annals of the ICRP 37, 1-332, ICRP Publication 103; ICRP: Stockholm,
Sweden, 2007.
6. Vaupotic, J. Radon in Kindergartens and Schools: A Review. In Handbook of Radon; Li, Z., Feng, C., Eds.;
Nova Science Publishers, Inc.: Hauppauge, NY, USA, 2011.
7. Branco, P.T.B.S.; Alvim-Ferraz, M.C.M.; Martins, F.G.; Sousa, S.I.V. The microenvironmental modelling
approach to assess children’s exposure to air pollution—A review. Environ. Res. 2014, 135, 317–332.
[CrossRef] [PubMed]
8. Kleinerman, R.A. Cancer risks following diagnostic and therapeutic radiation exposure in children. Pediatr.
Radiol. 2006, 36, 121–125. [CrossRef] [PubMed]
Int. J. Environ. Res. Public Health 2016, 13, 386 15 of 16
9. Spycher, B.D.; Lupatsch, J.E.; Zwahlen, M.; Roosli, M.; Niggli, F.; Grotzer, M.A.; Rischewski, J.; Egger, M.;
Kuehni, C.E.; Swiss Pediatric Oncology Group; et al. Background ionizing radiation and the risk of childhood
cancer: A census-based nationwide cohort study. Environ. Health Perspect. 2015, 123, 622–628. [CrossRef]
[PubMed]
10. Bem, H.; Bem, E.; Krawczyk, J.; Płotek, M.; Janiak, S.; Mazurek, D. Radon concentrations in kindergartens
and schools in two cities: Kalisz and Ostrów Wielkopolski in Poland. J. Radioanal. Nucl. Chem. 2013, 295,
2229–2232. [CrossRef] [PubMed]
11. Bochicchio, F.; Žunic´, Z.S.; Carpentieri, C.; Antignani, S.; Venoso, G.; Carelli, V.; Cordedda, C.; Veselinovic´, N.;
Tollefsen, T.; Bossew, P. Radon in indoor air of primary schools: A systematic survey to evaluate factors
affecting radon concentration levels and their variability. Indoor Air 2014, 24, 315–326. [CrossRef] [PubMed]
12. Burghele, B.D.; Cosma, C. Thoron and radon measurements in Romanian schools. Radiat. Prot. Dosimetry.
2012, 152, 38–41. [CrossRef] [PubMed]
13. Chang, B.U.; Kim, Y.J.; Song, M.H.; Kim, G.H.; Jeong, S.Y.; Cho, K.W. Measurement of indoor radon
concentration and actual effective dose estimation of schools at high radon area in Korea. Radioprotection
2011, 46, S91. [CrossRef]
14. Clouvas, A.; Xanthos, S.; Takoudis, G. Indoor radon levels in Greek schools. J. Environ. Radioact. 2011, 102,
881–885. [CrossRef] [PubMed]
15. Damla, N.; Aldemir, K. Radon survey and soil gamma doses in primary schools of Batman, Turkey. Isotopes
Environ. Health Stud. 2014, 50, 285. [CrossRef]
16. Kim, Y.; Chang, B.U.; Park, H.M.; Kim, C.K.; Tokonami, S. National radon survey in Korea. Radiat. Prot.
Dosimetry. 2011, 146, 6–10. [CrossRef] [PubMed]
17. Poulin, P.; Leclerc, J.M.; Dessau, J.C.; Deck, W.; Gagnon, F. Radon measurement in schools located in three
priority investigation areas in the province of Quebec, Canada. Radiat. Prot. Dosimetry. 2012, 151, 278–289.
[CrossRef] [PubMed]
18. Rahman, S.U.; Matiullah; Anwar, J. Assessment of the dose received by students and staff in schools in the
Rawalpindi region of Pakistan due to indoor radon. J. Radiol. Prot. 2009, 29, 273–277. [CrossRef] [PubMed]
19. Rahman, S.U.; Matiullah; Anwar, J.; Jabbar, A.; Rafique, M. Indoor radon survey in 120 schools situated in
four districts of the Punjab Province—Pakistan. Indoor Built Environ. 2010, 19, 214–220. [CrossRef]
20. Stojanovska, Z.; Zunic, Z.S.; Bossew, P.; Bochicchio, F.; Carpentieri, C.; Venoso, G.; Mishra, R.; Rout, R.P.;
Sapra, B.K.; Burghele, B.D.; et al. Results from time integrated measurements of indoor radon, thoron and
their decay product concentrations in schools in the Republic of Macedonia. Radiat. Prot. Dosimetry. 2014,
162, 152–156. [CrossRef] [PubMed]
21. Zunic, Z.S.; Carpentieri, C.; Stojanovska, Z.; Antignani, S.; Veselinovic, N.; Tollefsen, T.; Carelli, V.;
Cordedda, C.; Cuknic, O.; Filipovic, J. Some results of a radon survey in 207 Serbian schools. Romanian J.
Phys. 2013, 58, S320–S327.
22. Al-Ghamdi, S.S.; Al-Garawi, M.S.; Al-Mosa, T.M.; Baig, M.R. Investigating indoor radon levels and
influencing factors in primary schools of Zulfi city, Saudi Arabia. AIP Conf. Proc. 2011, 1370, 294–298.
23. Sousa, S.I.V.; Branco, P.T.B.S.; Nunes, R.A.O.; Alvim-Ferraz, M.C.M.; Martins, F.G. Radon levels in nurseries
and primary schools in Bragança district—Preliminary assessment. J. Toxicol. Environ. Health Part. A 2015,
78, 805–813. [CrossRef] [PubMed]
24. Trevisi, R.; Leonardi, F.; Simeoni, C.; Tonnarini, S.; Veschetti, M. Indoor radon levels in schools of South-East
Italy. J. Environ. Radioact. 2012, 112, 160–164. [CrossRef] [PubMed]
25. Vaupotic, J.; Bezek, M.; Kavasi, N.; Ishikawa, T.; Yonehara, H.; Tokonami, S. Radon and thoron doses in
kindergartens and elementary schools. Radiat. Prot. Dosimetry. 2012, 152, 247–252. [CrossRef] [PubMed]
26. Vuchkov, D.; Ivanova, K.; Stojanovska, Z.; Kunovska, B.; Badulin, V. Radon measurement in schools and
kindergartens Kremikovtsi municipality, Bulgaria. Romanian J. Phys. 2013, 58, S328–S335.
27. Fojtikova, I.; Navratilova Rovenska, K. Influence of energy-saving measures on the radon concentration in
some kindergartens in the Czech Republic. Radiat. Prot. Dosimetry. 2014, 160, 149–153. [CrossRef] [PubMed]
28. Ivanova, K.; Stojanovska, Z.; Tsenova, M.; Badulin, V.; Kunovska, B. Measurement of indoor radon
concentration in kindergartens in Sofia, Bulgaria. Radiat. Prot. Dosimetry. 2014, 162, 163–166. [CrossRef]
[PubMed]
29. European Commission. Laying down Basic Safety Standards for Protection against the Dangers Arising from
Exposure to Ionising Radiation; European Commission: Brussels, Belgium, 2013.
Int. J. Environ. Res. Public Health 2016, 13, 386 16 of 16
30. Portaria n˝ 353-A/2013. Ministérios do Ambiente, Ordenamento do Território e Energia, da Saúde e
da Solidariedade, Emprego e Segurança Social. Diário da República—1ª Série 2013, 253, 6644(2)–6644(9).
(In Portuguese)
31. Sousa, S.I.; Ferraz, C.; Alvim-Ferraz, M.C.; Vaz, L.G.; Marques, A.J.; Martins, F.G. Indoor air pollution on
nurseries and primary schools: Impact on childhood asthma—Study protocol. BMC Public Health 2012, 12,
435. [CrossRef] [PubMed]
32. LNEG. Carta Geológica de Portugal, na Escala 1:50,0000, Laboratório Nacional de Energia e Geologia. 2013.
Available online: www.lneg.pt/download/2769/cgp500k.pdf (accessed on 31 January 2015).
33. Sundal, A.V.; Henriksen, H.; Soldal, O.; Strand, T. The influence of geological factors on indoor radon
concentrations in Norway. Sci. Total Environ. 2004, 328, 41–53. [CrossRef] [PubMed]
34. Sahoo, B.K.; Sapra, B.K.; Gaware, J.J.; Kanse, S.D.; Mayya, Y.S. A model to predict radon exhalation from
walls to indoor air based on the exhalation from building material samples. Sci. Total Environ. 2011, 409,
2635–2641. [CrossRef] [PubMed]
35. ICRP. Radiological Protection against Radon Exposure. ICRP Publication 126. Ann. ICRP 2014, 43, 5–73.
36. Sainz, C.; Dinu, A.; Dicu, T.; Szacsvai, K.; Cosma, C.; Quindós, L.S. Comparative risk assessment of residential
radon exposures in two radon-prone areas, S¸tei (Romania) and Torrelodones (Spain). Sci. Total Environ. 2009,
407, 4452–4460. [CrossRef] [PubMed]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
